Background: Regression is frequently described in Autism spectrum disorder (ASD). Limited comprehensive studies have been conducted in patients with ASD with regression. Purpose: To explore the network topological properties in ASD children with (ASD-R) and without (ASD-NR) regression. Methods: In this study, 29 ASD-R, 68 ASD-NR, and 40 children with developmental delay (DD) were recruited. We utilized graph theory to characterize the white matter structure networks by using diffusion tensor imaging and T1-weighted imaging on a 3-T magnetic resonance system. Statistical analyses were performed using IBM SPSS (version 23). Results: ANCOVA showed significant differences in global efficiency, characteristic path length and sigma among the ASD-R, ASD-NR and DD groups, but the difference was not significant between the ASD-R and ASD-NR groups. There were 10 common hubs based on regional degree and regional efficiency in all groups. The hubness of the left superior frontal gyrus-dorsolateral, left middle occipital gyrus and right precuneus were enhanced (by regional degree) and that of the right thalamus was reduced (by regional efficiency) in the ASD-R relative to the ASD-NR group. After controlling for the course of regression, the CARS scores were significantly correlated with the regional efficiency of the right precuneus in the ASD-R group. Conclusions: The ASD-R children were different from the ASD-NR children in the distribution of hub regions, although there were no global network property differences between them. In ASD-R children, the right precuneus (PCUN.R) might play an important role and relate to autism symptom severity.
Structural networks in children with autism spectrum disorder with regression: A graph theory study Hui 
Introduction
Autism spectrum disorder (ASD) is one of the most common neurodevelopmental disorders, causing functional impairments in social, educational, and occupational domains. The core symptoms of ASD are impairments in social communication and interactions and repetitive and restricted behaviors, which include sensory abnormalities [1] . The high degree of heterogeneity among patients with ASD, in its etiology, clinical diagnosis, or treatment, is a very large challenge. With the wide application of neuroimaging technology in the field of ASD, there have been studies on the brain imaging of biological markers. Recent studies have made progress in identifying relevant brain network connections. However, these findings need to be further confirmed. In one study, children with ASD showed hyper-connectivity within large-scale brain networks and decreased between-network connectivity compared with typically developing individuals [2] . Another finding showed a pattern of overall brain under-connectivity and local over-connectivity [3] . There remains inconsistencies regarding the nature of connectivity impairments in autism, i.e., under-connectivity or over-connectivity [4] . To solve such a complex situation, examining brain connectivity within populations with specific clinical phenotypes may be one of the research strategies to be explored.
Regression is frequently described in ASD. Reports about behavioral regression in children with autism emerged in the 1960s [5, 6] , and many studies focused on regression in ASD have been published since that time. A meta-analysis of 85 articles representing over 29,000 people with ASD showed that the overall prevalence rate of regression was 32.1%, with an average onset of regression at 1.78 years [7] . Former studies demonstrated that ASD children with regression were more likely to have cognitive deficiencies compared to ASD children without regression, as well as higher levels of autistic symptomology [8, 9] . The occurrence of regression is higher in children with ASD than in children with other idiopathic developmental conditions, such as specific language impairment and developmental delay [10] . In general, it is thought that regression in ASD could form one clinically characterized phenotype. Although some of the genetic syndromes have a high incidence of regression (e.g., RTT-and SHANK3-related disorders), there is not enough evidence to conclude that regressive ASD is solely driven by genetic factors [11] . Some studies have indicated that immunological factors might be associated with regression in some children with ASD [12, 13] . Regression in ASD children might related to epilepsy and atypical epileptiform electroencephalograms [14] . The field is far from identifying precise biomarkers. Noninvasive imaging might provide opportunities for a better understanding of the neurobiological pathways [15] . Regarding neuroimaging findings, abnormal brain enlargement was found in boys with regressive autism, but not in boys without regression autism [16] . Abnormal white matter connectivity in children with ASD has been detected, and how the brain networks in those with ASD with regression function remains unknown.
In MRI, morphological measures are known to have the highest reliability, while the reliability of functional MRI approaches tends to be lower and more variable [17] . Diffusion tensor imaging (DTI) is a magnetic resonance imaging technique that enables the measurement of the restricted diffusion of water in tissue in order to produce neural tract image. The reliability of DTI was high [18] and the DTI metrics were reliable in neonates [19] . A research of graph theory analysis of structural brain networks suggested that fractional anisotropy (FA) weighting schemes were more suited for DTI connectome studies in adolescents [20] . Graph theory-based analyses have been applied to the connectivity matrices for the extraction of important network characteristics, such as node degree (the number of connections of a node), characteristic path length (the average number of steps between nodes), average clustering coefficient (a measure of regional connectivity) and other quantifiable measures of network connectivity (for a review, see Rubinov and Sporns) [21] . Studying the human connectome using graph theory offers a unique opportunity to better understand interindividual differences in neural connectivity.
Based on previous research, we predicted that ASD children with and without regression may have no differences in global topology characteristics as they have similar clinical symptoms and that they may show differences in regional brain network features related to the different forms of onset. Therefore, we recruited ASD children with definite regression (ASD-R) and non-regression (ASD-NR) as different clinical subtypes, acquired diffusion tensor imaging data, and utilized graph theory to examine the global topological characteristics of the hub regions associated with ASD-R, ASD-NR and developmental delay (DD).
Materials and methods

Participants
All participants were recruited from April 2010 to March 2015 at the Child Mental Health Research Center of the Nanjing Brain Hospital affiliated to Nanjing Medical University. Written informed consent was obtained from each participant's parents. The study was approved by the Institutional Review Board of Nanjing Brain Hospital of Nanjing Medical University in accordance with the ethical principles outlined in the Declaration of Helsinki.
We calculated the total sample size using G*Power3.1 and set the parameters as effect size 0.30, α 0.05, power 0.80. We grouped ASD-R, ASD-NR and DD in a 1:2:1 ratio, and matched sex and age. The study sample consisted of 29 ASD-R children (male/female: 21/8; age: 40.24 ± 12.78 months), 68 ASD-NR children (male/female: 60/8; age: 35.65 ± 11.25 months), and 40 DD children (male/female: 29/11; age: 39.98 ± 12.32 months). The diagnoses of ASD (autistic disorder) and DD (mental retardation or expressive language disorder) were conducted by two licensed child psychiatrists and based on the Diagnostic and Statistical Manual of Mental Disorders, 4th ed., text revision (DSM-IV-TR). The inclusion criteria of ASD were children with autistic disorder (according to DSM-IV-TR), aged 24∼72 months and with their parents' agreement. The ASD group excluded individuals with Rett's syndrome or childhood disintegrative disorder. The inclusion criteria of DD were children with mental retardation or expressive language disorder (based on DSM-IV-TR), aged 24∼72 months and with their parents' agreement. The DD group excluded chromosome abnormalities or gene defects such as 21-trisomy syndrome and fragile X syndrome based on genetic tests. Patients in the ASD or DD groups with a history of head injury, neurological disorders, other major medical problems, other developmental disorders or psychiatric disorders were also excluded from the study. All ASD children were assessed by the childhood autism rating scale (CARS) [22] .
Developmental regression was assessed via parent's report of a history of loss of language (items [11] [12] [13] [14] [15] [16] [17] [18] [19] and other skills (items [20] [21] [22] [23] [24] [25] [26] [27] [28] according to the Autism Diagnostic Interview-Revised (ADI-R) [23] . Developmental quotients (DQs) were obtained using the Bayley Scales of Infant Development-Chinese Version (BSID-C) (DQ= ((motor age + cognitive age)/(chronological age× 2)) × 100) [24] and Peabody Picture Vocabulary Test (PPVT) [25] .
Image acquisition
MRI images were acquired by a 3.0 T Siemens Medical Systems Verio instrument at Nanjing Brain Hospital using a standard quadrature head coil. In this study, we acquired high-resolution images with a T1-weighted 3-D spoiled gradient-echo sequence with the following parameters: repetition time (TR) = 2530 ms, echo time (TE) =3.34 ms, flip angle = 7°, field of view (FOV) = 256 × 256 mm2, in-plane resolution = 256 × 192, inversion time = 1100 ms, and slice thickness = 1.33 mm. Image orientations parallel to the anterior commissure-posterior commissure (AC-PC) plane were used. Diffusion tensor imaging (DTI) was obtained with single-shot echo-planar (SE-EPI) sequences with diffusion gradients applied in 30 noncollinear directions and b = 1000 s/mm2. The thickness of each slice was 2.5 mm without gap. The sequence parameters for DTI were TE = 104 ms, TR = 9000 ms, FOV = 230 × 230 mm2, and acquisition matrix = 128 × 128. The total DTI scanning time was 5 min 8 s. Before MRI scanning, each participant was sedated using chloral hydrate (0.5 g in 10 ml) with parental consent.
Data processing
The DTI data were processed with PANDA (a pipeline toolbox for analyzing brain diffusion images) [26] in MATLAB that included the following steps: converting DICOM files into NIfTI images, estimating the brain mask, cropping the raw images, correcting for the eddy current effect, correcting for head motions, estimating the diffusion tensor models by using the linear least-squares fitting method on each voxel, tracking whole-brain fiber in the native diffusion space via the fiber assignment by continuous tracking algorithm, and averaging multiple acquisitions and calculating diffusion tensor metrics.
Network construction
Nodes and edges are the two basic elements needed to form a network. The nodes of the structural networks were delimited according to an automated anatomical labeling (AAL) algorithm template [27] . This algorithm scheme parcellated the entire cerebral cortex, except the cerebellum, into 90 anatomical regions (AAL-90), which resulted in 90 nodes covering the noncerebellar brain with 45 nodes in each hemisphere.
The structural networks were constructed by deterministic
tractography using the PANDA toolbox. Matrix_FA (90 × 90) generated from PANDA was thresholded into different levels to create an adjacency matrix. The FA threshold was set from 0.2 to 1, and the angle threshold was set as 45°. Each matrix represented the white matter network of the cerebral cortex, in which each row or column represented a brain region from the AAL template. For each child, the Matrix_ FA was used for subsequent graph analyses.
Graph analysis
Network analyses of the graph analysis were calculated by the Matrix_FA with routines from the GRETNA toolbox (graph theoretical network analysis toolbox) [28] . Several network topological properties were used to characterize the white matter structural network derived from each participant.
The network topological properties included (1) properties that implied network segregation of the brain, including the weighted clustering coefficient (Cp) and local efficiency (Eloc). (2) Properties that indicated network integration of the brain, including the characteristic path length (Lp) and global efficiency (Eg). The characteristic path length was used to characterize the optimal routing of information transmission. Eg was defined as the average inverse shortest path length, and Eloc was defined as the mean of the global efficiencies of subgraphs consisting of the immediate neighbors of a particular node. (3) Small-worldness (sigma, σ), which evaluates the balance of segregation and integration.
Nodal efficiency was calculated to measure the characteristic path length of a node to other nodes in the network. Nodal efficiency represents the position of the node in the network information transmission. The degree is one of the most common measures of centrality. Nodes with a high degree interact with many other nodes in the network. Nodes were identified as 'hubs' in the network if the values of nodal degree or efficiency were one standard deviation (SD) greater than the average nodal degree or efficiency of the entire network. The hub regions were depicted by the BrainNet Viewer toolbox [29] .
Statistical analysis
Statistical analyses were performed by using IBM SPSS (version 23). Sex data were examined with a chi-square test. Group differences in age and DQ were examined with one-way ANCOVA. T-test analyses were employed to compare the CARS scores between the ASD-R and ASD-NR groups, and p-values less than 0.05 were considered statistically significant. For group effects in the global network, comparisons were performed among the three groups using one-way ANOVA. Post hoc pairwise t-tests with Bonferroni correction for multiple comparisons were performed if ANOVA yielded significant results at p < 0.05. Partial correlations were performed between the CARS scores and nodal degree or efficiency with enhanced or weakened hubness by controlling for the course of regression in the ASD-R group, with a statistical significance level of p < 0.05.
Results
Demographics and clinical assessment results
There were no significant differences in age, sex, or DQ among the three groups. The CARS scores of the ASD-R children were significantly higher than those of the ASD-NR children. The demographic details of the participants are summarized in Table 1 .
Global topology of the white matter connectome
All three groups presented small-world organization (σ > 1) ( Table 2) . ANCOVA showed significant differences in global efficiency, characteristic path length and sigma. Following Bonferroni corrections, ASD-R and ASD-NR groups demonstrated increased global efficiency and shorter characteristic path lengths than the DD group. There were no significant differences between the ASD-R and ASD-NR groups for all global network properties.
Hub regions
We identified 'hubs' as nodes with regional degree and efficiency values at least one standard deviation higher than the average for the network. The hub regions identified in each group are shown in Fig. 1 . By nodal degree, the ASD-R, ASD-NR and DD groups had 10 hubs in common (bilateral insula, hippocampus, caudate nucleus and putamen, left precuneus and right superior frontal gyrus-dorsolateral). The left superior frontal gyrus-dorsolateral gyrus, left middle occipital gyrus and right precuneus were hub regions only in the ASD-R group. Regarding nodal efficiency, there were 11 common areas (bilateral superior frontal gyrus-dorsolateral, insula, hippocampus, caudate nucleus, putamen and left precuneus) in the ASD-R, ASD-NR and DD groups. The right precuneus was a hub only in the ASD-R group, and the right thalamus was a hub only in the ASD-NR group.
We controlled for the course of regression to perform partial correlation analysis on the CARS scores and regional degree and efficiency of the left superior frontal gyrus-dorsolateral, left middle occipital gyrus, right precuneus and right thalamus in children with regression. The results are shown in Table 3 . The CARS scores were significantly correlated with the regional efficiency of the right precuneus.
Discussion
The incidence of regression in the children with ASD was 32.1%, with an average onset at 1.78 years [7] . ASD children with regression were more likely to have severe autistic symptoms compared to those without regression [8] . There was no difference in DQ between the ASD-R and ASD-NR groups, indicating that the severe differences in core autistic symptoms between those with ASD-R and ASD-NR were not due to intelligence levels. That is, the ASD-R children had more serious autistic symptoms regardless of DQ. This finding was consistent with the results of previous studies showing that regression was associated with higher levels of autistic symptoms [8, 9] .
Previous studies have shown that ASD individuals had brain connectivity dysfunction [2] [3] [4] . Lp is used to characterize the optimal routing of information transmission. Eg is a global measure of the parallel information transfer ability of the whole network. Both the ASD children with and without regression showed increased global efficiency and shortened characteristic path length, indicating that the ASD children had hyper-connectivity. These data were consistent with the study of Li SJ et al., which demonstrated that ASD children had increased global efficiency and shortened characteristic path length [30] . There was no significant difference between the ASD-R and ASD-NR groups for all the global network properties. Small-worldness is an important characteristic of a network because it represents an optimal balance between segregation and integration, which is essential for high synchronizability and fast information transmission in a complex network [31, 32] . Our results were consistent with previous studies in which both the normal control and ASD groups exhibited small-world properties [33] . This finding also confirmed a previous theory that neonatal anatomical brain networks displayed the clear presence of a small-world modular organization before term birth [34] .
Hubs, which are nodes occupying central positions for the coordination of global communication in the overall organization of a network, are usually densely connected or highly centralized [35] . Here, we identified 'hubs' as having a nodal degree or nodal efficiency that was at least one standard deviation higher than the average nodal degree and nodal efficiency for the network. As shown in Fig. 1 , there were 10 hubs in common based on both regional degree and regional efficiency in the three groups of ASD-R, ASD-NR, and DD children. The hub regions were mainly concentrated in primary visual and sensorimotor networks and the limbic system, which was consistent with previous studies. Analyses of brain structural subnetworks have shown that the primary visual and sensorimotor networks mature first. Structural hubs emerge early within the dorsal medial frontal, hippocampal, precuneus and insula regions [36] . The caudate and putamen, as parts of basal ganglia, harbor components of both motor and association systems. The precuneus, a part of the medial posterior parietal cortex, has been reported to be correlated with integrated tasks, including visuospatial imagery, episodic memory retrieval, self-related processing, awareness and conscious information processing [37, 38] . The precuneus also plays a core role in the default-mode network [39] . The precuneus in ASD children demonstrated decreased functional connectivity [40, 41] , and the decreases were correlated with autistic symptom severity [42] . The right precuneus might play an important role in the development of regression in ASD children. The enhanced hubness of the precuneus may have been due to compensation. The individuals with ASD had decreased ALFF in the right precuneus and left middle occipital gyrus compared with the age-matched control group. In addition, ALFF in the precuneus and middle occipital gyrus predicted the social subscore of the ADOS in an ASD group [43] . Middle occipital gyrus activation has been reported to reflect the use of visual imagery in ASD individuals. As shown in previous studies, individuals with ASD had greater activation and increased GM volume in the region of the left middle occipital gyrus [44, 45] . Higher occipital cortex activity in those with autism has been related to faster and more accurate visual search, suggesting that the behavioral advantages in children with autism might have arisen from stronger and more pervasive engagement of visual processing mechanisms [46] . The superior frontal gyrus is thought to contribute to higher cognitive functions, such as executive processing and spatially oriented processing [47] . Another study by Chen ZX et al. indicated that the left superior frontal gyrus played a vital role in the executive aspects of feigned memory impairment [48] . fMRI results showed reduced brain activation in the superior frontal gyrus in ASD individuals compared to controls [49] . A structural MRI study showed a significantly increased bilateral superior frontal gyrus gray matter volume in young children with ASD compared to controls [46] . The thalamus, known as a "sensory gate", receives afferents from sensory receptors and projects the received sensory information to targeted cortical regions. The thalamus plays a key role in the processing components that may be related to ASD symptoms, social communication impairments, restricted, repetitive patterns of behavior or interests and sensory processing abnormalities. Individuals with autism showed decreased functional connectivity between the amygdala and bilateral thalamus [50] . In another study, individuals with ASD showed stronger thalamus cluster connectivity with auditory, somatosensory, motor, and interoceptive cortices than neurotypical individuals [51] . Dysregulation of the thalamus might play an important role in the development of autism.
Limitations
There are several limitations in this study. First, regression in our study was based on interviews with parents, which might have been influenced by retrospective bias; in the future, some prospective studies are needed. Second, the analysis of node definitions was limited to the AAL template-based brain networks. Future studies are needed to clarify the effect of various node definitions. Third, the sample size in the ASD-R group limited us regarding additional grouping comparisons.
Conclusions
In conclusion, the graph theory analysis of DTI data demonstrates no significant difference in global and local properties between the ASD-R and ASD-NR groups. There were 10 hubs in common based on either regional degree or regional efficiency in the three groups of ASD-R, ASD-NR, and DD children. The right precuneus was a hub region only in the ASD-R group. In the ASD-R group, the function of the right precuneus (PCUN.R) might play an important role and relate to autistic severity. ZDRCA2016076) . The authors would like to thank Chaoyong Xiao for image acquisition support, and we would like to express our gratitude to Zaixu Cui and Xindi Wang, who provided help in the data processing, network construction and graph analysis. Finally, we wish to extend our thanks to all the children and their parents who participated in the study. ASD-R, autism spectrum disorder with regression. ASD-NR, autism spectrum disorder without regression. DD, developmental delay. Significant differences: p < 0.05. 
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